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ABSTRACT: The evolution of the shipping industry (increased capacity and size of ships, power and self-propulsion), the increased productivity and rearrangement of spaces (port calls increased in number and frequency, changes in use of docks), the intensification of the use not only of stern main propellers (conventional or azimuthal) but also lateral bow and stern ones, are the leading causes of injury to the toe of the docks. Scouring processes due to manoeuvring actions can produce big consequences on the stability of harbour structures such as docks and protecting dikes. As a consequence, the sedimentation of the eroded sediment reduces the total depth of the harbour basin and navigation channel. At the same time, contaminants settled at the bed of the harbour basins may be resuspended by the effect of vessel’s propellers and produce an important environmental problem to harbour authorities.
One of the main problems is the interpretation of parameters related to propellers, but also the fact of not considering important aspects such as different types of propeller, manoeuvring practices for docking and undocking, propulsion system orientation or the confinement effect generated by the dock itself and the shelter of the vessel. This contribution aims to assess docking and undocking manoeuvres which can produce erosion generated by the propulsion of ships. This methodology will analyse manoeuvres patterns and will allow understanding the effects of the sedimentation of the eroded sediment on docking and undocking manoeuvres.
1	Introduction
Motion Vessels and their propulsion system can produce hydrodynamic. In shallow areas, these effects may have an influence on the seabed. Over the last 20 years, the rise in shipping activities with bigger vessels with an increase of draft and power of engines have led to growing structural problems: scouring effects in the vicinity of the structures affecting the stability and sedimentation of the scoured material in the harbour basin, among others. The sedimentation of the eroded sediment reduces the average depth of the harbour basin and navigation channel and can produce undesired and sometimes uncontrollable motions of the vessel.
Morphodynamic changes inside harbours due to docking and undocking manoeuvring represent an increasing problem for harbour authorities. In particular, old marinas designed to host ships with lower depths and engine powers have to either fill the scouring holes or dredge the sedimentation areas quite often, or alternatively implement bed protection measures in the harbour basins. Both factors decrease the efficiency and operability of the harbour, causing significant economic losses. This problem affects several harbours around the world with different configurations, morphologies and tidal ranges (Lam et al. 2012). Moreover the eroded sediment is deposited along the harbour reducing the water depth level and operative zones for several vessels manoeuvring.
Nowadays, the present propulsion systems are closer to the soil of the docks causing sediment erosion close to toe of the docks which, in turn, may cause severe problems to the docking platforms. Hence these vessels dock at the same position and navigate the same route when approaching the harbour.
The docking and undocking manoeuvres are the most effective in terms of erosion, in particular for vessels without the help of a tugboat or pilot (Mujal-Colilles et al. 2015).
This paper aims to monitor the docking and undocking manoeuvring and its consequences on the sea bed and quay structures in order to design, in the future, the possibility of new docking and undocking manoeuvres to minimize the erosion caused by the propulsion system. Moreover, results will allow understanding the effects sedimentation of the eroded sediment on docking and undocking manoeuvres. Some research of a long set of bathymetries are used to evaluate the effects produced by vessels during docking and undocking manoeuvring with real data of the manoeuvring frequencies and duration.
We focus our analysis on a set of Automatic Identification System (AIS) data at a particular basin obtained during the period of June - July 2016. AIS provides a continuous stream of information of the all AIS enabled vessels in range. The system provides position and speed updates on predefined intervals depending on vessel speed and manoeuvre situation with a sample-rat from 3 seconds for high speed or turning vessels to 15 minutes for ships at anchor (Aarsæther (​http:​/​​/​www.transnav.eu​/​Author_K.G.%20Aars%C3%A6ther,1.html​) & Moan (​http:​/​​/​www.transnav.eu​/​Author_T.%20Moan,239.html​) 2010). The use of AIS data permits to understand the effect of changes to the fairway and to propose improvements to harbour areas. 
Morphodynamic changes are identified after periodic bathymetries of the particular basin, dominated by a single vessel. The real location of the harbour basin (Fig. 1) used in this research is kept confidential at the request of the harbour authorities. 


Figure 1. Overview of the area of the harbour location and quays direction.
2	METHODOLOGY
2.1	Bathymetric surveys
Periodic bathymetric surveys were carried out with a multibeam system SeaBeam1185, Elac-Nautik, Germany. The blanking distance from the floating line was 0.65 m and data were recorded at 180 kHz with a boat speed ranging from 3 to 5. The data acquisition average error was around 0.1 m due to an upper layer of mud within the harbour basin of an estimated thickness of 0.5m (Mujal-Colilles et al. 2017) 




Figure 2. Evolution of the bathymetry along the harbour. (a) June 2014; (b) June 2015; (c) September 2015; (d) December 2015

As seen in Figure 2, the profiles in the NW and SW docks show holes of up to 5 m compared to the mean depth of -12m asl. Parallel to the scouring action, a sedimentation process occurred between June 2014 and December 2015, with the sediment deposition located parallel to the west and north docks and in the middle of the harbour area. The sedimentation is of the order of 2 m. In June 2015, harbour authority decided to dredge the areas with a lower depth in the harbour basin.
2.2	Automatic Identification System (AIS) data
The Automatic Identification System (AIS) is an automatic tracking system for identification and location of vessels by exchanging data via VHF communication to other nearby ships, AIS base stations and satellites. It has become mandatory and was implemented through the International Maritime Organization (IMO) as per requirement of SOLAS (1974) for commercial vessels over 300 GT since 2004. Additional legislation from the EU and the US extended the requirements for having an AIS transmitter on board also to smaller crafts such as fishing boats. The sample rate of the AIS data depends on the ships speed and state of the vessel (IMO 1974). 
The original purpose of AIS was meant as an aid to collision avoidance but many other applications have since been developed such as vessel traffic services (VTS), maritime security, fleet and cargo tracking, search and rescue, among others, and is an important source of information for studying maritime traffic and associated critical situation (Mestl et al. 2016). Moreover, it represents an opportunity to study the navigational patterns in coastal and restricted areas, as a quay or harbour.
The Port Authority provided AIS data in form of reports for the period of June and July 2016 for the presented area (Fig. 1) for research purposes. The AIS information received contained mainly, time, latitude, longitude, speed over ground (SOG), and course over ground (COG). The presented data will be therefore anonymized as much as possible.
In this research, the AIS data will be applied to analyse manoeuvres in the constrained area to derive the exhibited manoeuvre patterns, being the first task to transform the collected data into a form that eases the final analysis. 
2.3	Case study
To investigate the effect on navigation decisions and external effects on ship manoeuvring it is convenient to test a specific scenario as a demonstration. A detailed study of the docking and undocking manoeuvres by a RoPax vessel type is conducted. Manoeuvring refers to the slow speed movement of the vessel between the ports breakwater (entry/exit) and point berth. 
The docking location of the RoPax vessel with a daily frequency is at the SW corner (west quay) and the draft of the vessel is 7 m. The vessel has two controllable pitch propellers and two bow thrusters. The engine power of four main engines is 55440 kW and the power of each bow thruster is 1850 kW. Figure 3 shows the position of the propellers and bow thrusters from the AIS position. This information is useful in order to know the effect of propellers in the harbour basin.


Figure 3. Distances from RoPax AIS position to the controllable pitch propellers and bow thrusters.
The effect of other vessels docking at the same areas could also be considered but with the aim of being conservative, only the RoPax vessel has been taken into account in the current research.
Figures 4 and 5 show vessel traces of three different docking and undocking manoeuvrings (2016, 8th of June; 2016, 1st of July and 2016 6th of July) extracted from AIS data from this area.

Figure 4. West quay docking manoeuvres scenario (2016, 8th of June; 2016, 1st of July and 2016 6th of July). Colours of the bathymetry along the harbour are defined in Figure 2.


Figure 5. West quay undocking manoeuvres scenario (2016, 8th of June; 2016, 1st of July and 2016 6th of July). Colours of the bathymetry along the harbour are defined in Figure 2.
In order to analyse manoeuvres, expected weather conditions must be known. The weather during these manoeuvrings is presented in Table 1. According to Beaufort Wind and Douglas Sea Scales, it can be considered calm sea and good weather, so the influence of weather in these cases will not affect the manoeuvrability of the vessel.















As can be observed, both docking and undocking manoeuvres are following similar tracks. In the next section, a detailed description of how the vessel is manoeuvred at port is carried out.
3	Results and discussion
3.1	Docking and undocking maneuvers analysis
The regular call of the RoPax vessel at the West quay is daily. The AIS vessel manoeuvring data comprises hour, position, course keeping, course changing and speed changing, but does not contain information such as the instantaneous position of the rudder. However, data from AIS has a potential to reveal the preferred navigational patterns and manoeuvre parameters position in use in a specific area and can calculate the curvature of the track line of the vessel. (Aarsæther (​http:​/​​/​www.transnav.eu​/​Author_K.G.%20Aars%C3%A6ther,1.html​) & Moan (​http:​/​​/​www.transnav.eu​/​Author_T.%20Moan,239.html​) 2007)
This section shows the main parameters of a manoeuvre using positioning data obtained from the AIS in order to identify manoeuvring processes.
Main parameters of docking manoeuvring (Course over Ground and Speed over Ground) can be observed in Figure 6. The first rule of berthing is to approach at a low speed and controlled speed. The average results of manoeuvres studied is a manoeuvre to enter the harbour from the middle of the navigational channel starting at a course of 28º-30º at speed of 5.9 knots. The starting position for the vessel has no obstructions on the initial heading and will be in a position to initiate the turning manoeuvre into the harbour with in a relatively short period of time (3 minutes). During the entrance manoeuvring, the vessel will change the course and, as can observe in Figure, the speed will decrease at 3 knots until the vessel is on a course suitable for the final approach. The average entrance manoeuvring period takes about 19 minutes. The approach angle number of turns is accurately identified in Figure 6.


Figure 6. Course over Ground (COG) and Speed over Ground (SOG) for three arrivals manoeuvrings considered.

The same procedure is used to identify departure manoeuvres (Fig. 7).
As can be observed, the turning circle described in all manoeuvres follow similar angle and the speed of the vessel increases being around 3 knots inside the undocking area reaching 6 knots at the navigational channel. The average departure manoeuvring period takes around 13 minutes. 


Figure 7. Course over Ground (COG) and Speed over Ground (SOG) for three departure manoeuvrings considered.

From Figures 6 and 7 we can observe similar patterns in both berthing and unberthing manoeuvres in calm sea and good weather. The reason of morphodynamic changes observed in the evolution of periodic bathymetric surveys inside the harbour could be due to the same daily manoeuvres performed by a single RoPax vessel.
3.2	Influence of shallow water
Manoeuvring properties are of particular importance in shallow water. Due to squat caused by increased velocities under the vessel, a combination of a mean bodily sinkage plus a trimming effect can produce unstable motion and decrease of course keeping ability. 
According to (Quadvelieg and Coevorden 2003) the vessel should have enough course stability and turning ability to fulfil the IMO requirements (IMO 1993) with respect to overshoot angles and turning circle dimensions in shallow water. The criteria should be fulfilled in water depths above sea level (asl) larger than 1.3 times the draught (T) of the vessel (Depthasl/T>1.3).
Figures 8 and 9 show bathymetric surveys in the analysed area of the period of 2010-2015. If the draft of the vessel considered is 7 meters, the water depth should be higher than 9 m. As can be observed in Figure 2, there are some critical green areas where the water depth – draught ratio is lower than 1.3m: narrow to the West, North and South Quays and in the middle of the manoeuvring area. In these areas shallow waters can seriously affect navigation.


Figure 8. West quay bathymetric surveys and vessel draft. Water depth – draught ratio of the harbour basin lower than 1.3 is shown in green circle in the figure.

In the west quay, the vessel is at berth, and the speed of the vessel will be near to zero, so there is no effect related on uncontrollable motions. However, the movement of the propellers can produce significant suspended sediment in the water column during berthing and unberthing operations in these restricted areas producing important environmental problems to harbour authorities.


Figure 9. Central area of the harbour basin bathymetric surveys and vessel draft. Water depth – draught ratio of the harbour basin lower than 1.3 are shown in green circles in the figure.

When the vessel is sailing in the central area of the harbour, the vessel is sailing at slow ahead or slow astern speed (lower than 3 knots). At these speeds, the ratio Depthasl/T<1.3 can disturb the vessel motions and the course keeping ability. Vessel should avoid these specific shallow waters.
Results from this section justify the need to control the sedimentation process inside a basin produced by docking and undocking manoeuvring to avoid possible unstable motions.
3.3	Adverse weather conditions for vessel manoeuvrability
Manoeuvrability at low forward speed in strong wind and, perhaps, current, is critical for vessels with large windage area, during approaching to and entering ports. Therefore low speed manoeuvrability criteria require specification of the wind speed and, sometimes, current. Quadvlieg & Coevorden (2008) recommend wind speed of 20 knots for general use and 30 knots for ferries and cruise ships, as the wind speed at which the vessel should be able to leave the quay.
The maximum wind speeds presented in Table 2 are provided by the Puertos del Estado. As can be seen, the maximum wind speed is always lower than 30 knots, so the vessel will be able to leave the quay at any time. In case of bad weather, vessel may need tugboats and pilot to control the vessel during berthing and unberthing manoeuvrings. 



















This section justifies that the RoPax vessel can maintain the scheduled sailing times considering the effect of adverse weather conditions in the analysed area.
4	CONCLUSIONS
The use of AIS for vessels can help in provide a readily available data source for traffic analysis and estimate manoeuvre plans. Is an easily available source of information about the desired manoeuvring patterns in a specific area. This paper describes the typical docking and undocking manoeuvres in a constrained area for a RoPax vessel. The analysis of the vessel track line is used to estimate the parameters of standard manoeuvres. Manoeuvres analysed define similar patterns in both berthing and unberthing manoeuvres. Due to the vessel particulars and the manoeuvring area, there are some limitations to define new alternative manoeuvres. Berthing and unberthing speed is adequate, because the vessel requires a minimum of powering. Lower speeds should affect the manoeuvrability because the rudder is not effective. 
Another problem observed in this research is the sedimentation of the eroded sediment that reduces the total depth of the harbour basin. From Figures 8 and 9 we can assume that there are some critical zones caused by the interaction effects between banks (eroded sediments) produced by shallow waters and vessel motions. This situation can cause undesired and uncontrollable motions of the vessel and environmental problems as a result of the suspended sediment during manoeuvring situations in restricted areas.
From the results obtained in this paper, to decrease the effect of erosion caused by propellers during manoeuvring in shallow waters, we can conclude that current docking and undocking manoeuvres are correct (course and speed) and alternatives should be implemented. From the vessel point of view, the ship size and ship power (due to the economy of scale) should be reduced or, on the other hand, the use of tugboats in ships manoeuvring should be required to decrease the speed of the vessel.
However, AIS data alone are not enough, and a more detailed study to investigate the effect on vessel manoeuvring is useful to test these scenarios in a simulator with controlled conditions. The parameters extracted from AIS data can be used as input to a numerical navigator to mimic the behaviour of the real situation. A real-time full mission bridge simulator is a good tool for this. Further research will identify the main parameters of a manoeuvre using bridge simulators with positioning data obtained from the AIS of the same area and will identify which manoeuvring behaviour is acceptable to reduce the effect in harbour basins. The proposal of alternative manoeuvres in the same navigation area will reduce the effect of the toe scouring induced by vessel propeller. Moreover, outcomes of this analysis can be extrapolated to other harbours to improve their management.
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